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Abstract The goal of this study is to investigate the mechanotransduction of an external load to the
brain and the causation of concussion and Traumatic Brain Injury (TBI). However, as one step toward
this goal, in this paper, the investigation of the material model selection and material properties of the
subarachnoid space (SAS) are presented. As the interface between the skull and the brain, the material
modeling of SAS plays an important role in the analysis of damping and movement of the brain within
the skull, leading to TBI. Based on the histology and morphology of the SAS region, three material types,
namely, soft solid, viscous fluid and porous media were proposed. To validate these material models,
the relative displacement between the skull and the brain was compared with the experimental study.
It was concluded that the optimum material properties of the three material models are for soft solid
material, E = 1000 Pa, for viscous fluid, µ = 0.25 Pa.s, and for porous media, the permeability of
3.125×10−10 m2. The results indicated that the properties determined in this study for the threematerial
models are appropriate and reliable for future investigations. That is, if one decides to use any of these
materials to model the SAS, in local or global FE analyses, these values are suitable.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Traumatic Brain Injury (TBI) is mainly due to automotive
accidents, contact sports, falls, blasts from Improvised Explosive
Devices (IED), or blunt impact to the head. Traumatic Brain
Injury (TBI) is generally caused by direct contact (blunt head
impact) or non-contact (angular accelerations and pressure
waves) to the head. Symptoms of TBI can be mild, moderate,
or severe, depending on the extent of the damage to the brain.
TBI is a major contributing factor to a third (30.5%) of all injury-
related deaths in the United States [1]. About 75% of TBIs that
occur each year involve concussion or other forms of mild
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from head injuries and about 1.365 million, nearly 80%, of head
injured people are treated in hospital emergency rooms and
survive [1].
Anatomically, the human brain is encased in the skull and
is suspended and supported by a series of three fibrous tissue
layers, dura mater, arachnoid and pia mater, known as the
meninges. Arachnoid trabeculae are strands of collagen tissue
that are located in the space between the arachnoid and
pia mater. In addition, the space between the arachnoid and
pia mater, known as subarachnoid space (SAS), is filled with
cerebrospinal fluid (CSF), which stabilizes the shape and the
position of the brain during head movements, as shown in
Figure 1.
Traumas involving vehicular collision, contact sports or falls,
could cause relative motion between the brain and the skull,
leading to Traumatic Brain Injury (TBI). It has been shown that
subarachnoid space (SAS) trabeculae play an important role
in damping and reducing the relative movement of the brain
with respect to the skull, thereby reducing Traumatic Brain
Injuries (TBI) [2–4]. The histology, architecture and mechanical
properties of the SAS are not well established in the literature.
A few investigators have estimated the mechanical properties
of trabeculae based on collagen properties, i.e. Zhang et al. [5,6]
and Jin et al. [7]. Thewide range of reported values of the elastic
modulus of the trabeculae, up to three orders of magnitude
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in the literature, i.e. from E = 59.81 × 103 Pa [7] to E =
21.5×106 Pa [5], raises the question about the validity of these
reported values.
To explain the likely injury process of the brain and to quan-
tify the response of the human head to blunt impact, investi-
gators have employed experimental, analytical and numerical
methods. Many researchers have used Finite Element (FE)
methods to study head/brain injuries [5,8–16]. The complicated
geometry and architecture of the SAS and trabeculae make it
impossible to model all the details of the region. Thus, in these
and other similar studies, the meningeal layers and the sub-
arachnoid region (SAS) have been simplified as a soft elastic
material or in some cases as water, i.e. soft solid, having a bulk
modulus of water and a very low shear modulus, e.g. [5,11,17].
That is, the hydraulic damping (i.e. the fluid solid interaction)
and the mechanical role of the fibrous trabeculae and the cere-
brospinal fluid (CSF) in the subarachnoid space (SAS) were ig-
nored. These simplifications, which are due to the complex
architecture and random orientation of the trabeculae, could
make the results unreliable.
The morphology and histology of the SAS suggest three
differentmaterialsmodeling for the SAS, soft solid, viscous fluid
and porous media. To investigate the best material model, in
this study, we compare these three types of material modeling
for SAS, as they transfer the load to the brain. The first material
model of the SAS was assumed to be a soft solid region, having
a Young modulus of 1000 Pa [18]. The second material model
of the SAS was assumed to be a viscous fluid region, and the
viscosity µ = 0.25 Pa s reported by Zoghi and Sadegh [2]
were used. This is the most common type of modeling for the
SAS, since the majority of investigators assume that the SAS
is a cavity filled with CSF fluid. The histology study of the SAS
reveals that the subarachnoid space is neither a soft solid region
nor a fluid media. In our histological studies, it was observed
that the SAS contains very dense layers of soft trabeculae tissue
within the CSF fluid. These solid/fluid interactions provide
damping against external impacts. The thirdmaterial model for
SAS was assumed to be a porous elastic property. This model
facilitates interaction between the CSF fluid and soft trabeculae
tissue. To model the SAS as a porous elastic material, we need
to estimate the void ratio, density and Darcy permeability. The
results of our histological experimental studies were used to
estimate the void ratio and the density of the trabeculae. In the
porous material model, the permeability of 3.125 × 10−10 m2
was utilized, [19].
To study the effect of the different material properties on
transferring the load to the brain, in a more global sense, a3D head model was created. As an input for all three material
models, displacement boundary conditions to the head were
applied, and displacements in the brain were determined and
compared with the experimental study [16]. The results of the
FE analyses indicate that the displacements for all three SAS
materialmodelswere in good agreementwith the experimental
results of Feng et al. [16]. It is concluded that if one decides to
use any of the proposed materials to model the SAS, in a local
or a global FE study, the proposed properties determined in this
study are appropriate and reliable for future investigation.
2. Material and method
2.1. Histology of SAS
The SAS that includes CSF and the trabeculae has a complex
structure. This is due to an abundance of trabeculae, which
are in the form of rods (fibers), thin transparent plates, and is
extended from the arachnoid (subdural) to the pia mater in a
tree shape. The piamater adheres to the surface of the brain and
follows all the brain contours including the folds of the cerebral
and cerebella cortices. This gives the subarachnoid space a
highly irregular shape and makes the flow of CSF around the
brain non-laminar and complicated. The interaction between
the CSF and the trabeculae suggests that their functions are
not independent. The interaction between the fluid and solid
phase mechanically support the brain. While the functionality
of the SAS is understood, the histology and biomechanics of
this important region has not been fully investigated. It is
understood, however, that the arachnoid is a thin vascular layer
composed of layers of fibroblast cells interspersedwith bundles
of collagen. The trabecula is also a collagen based structure.
Only the histology of the trabeculae of the optical nerves has
been studied [20]. To the best of our knowledge, the histology
of human brain trabeculae has not been fully addressed in the
literature.
To investigate the best material property for the SAS,
and to study the effect of external load to the brain, one
important step is to understand the histology and architecture
of trabeculae, as it is not well established in the literature. In
our previous studies, through in-vivo and in-vitro experiments,
the histology and architecture of the trabeculae have been
investigated [19]. This step was accomplished thorough several
experimental studies including CT scan machine, Histology
sectioning, Two-Photon Microscopy (TPM), Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy
(TEM). The SEM and TEM experimental studies were performed
using Sprague-Dawley rats weighing 250–300 g, and being
2–3 months old. To fix and solidify the subarachnoid space
and the trabeculae, the rat was anesthetizedwith pentobarbital
sodium given subcutaneously (80–100 mg/kg body weight
for initial anesthetization and 30 mg/kg body weight for
maintenance, as needed) and kept warm on a heating pad.
Pre-fixative solution PBS, followed by a fixative solution
(glutaraldehyde + formaldehyde), was injected through the
right aorta and the blood vessels of the SAS were solidified.
The animal was sacrificed and a sample of the brain tissue was
prepared for Scanning and Transmission Electron microscopy.
These experimental studies reveal that the trabeculae are
collagen based of Type I as compared with the literature
[21,22] and their architectures are in the form of tree-shaped
rods, pillars, plates and, in some areas, in the form of a complex
network [19,23–26]. The SEM results allowed us to clearly
observe the different layers of the meninges, the SAS, the
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rat with trabecula (star) surrounding a blood vessel (BV).Figure 3: TEM images of SAS showing the different architecture of SAS trabeculae. (a) Layers of fibroblast cells in the arachnoid; and (b) bundle of collagen fibrils
surrounded with fibroblasts.trabecula and their fine structures. The high resolution of the
SEM uncovered the constitution of the trabecula down to the
molecular level and a new dimension of the SAS was exposed
(see Figure 2). With the TEM images, we were able to observe
the cellular and subcellular structure of the SAS (see Figure 3).
Comparing the TEM results with the SEM results, the different
layers of the cells could be clearly identified. The separation
between the brain and the SAS was not as clear as in the SEM
images, therefore the myelin sheath of the neurons was taken
as a reference to locate the brain (Figure 3).
2.2. Material modeling for SAS
In previous studies [5,6,9,12,13,15,16,27], the subarachnoid
space (SAS) was modeled as soft solid or fluid. However, the
morphology and histology of the SAS suggest three materials
modeling for the SAS, namely, soft solid, viscous fluid and
porous media. To understand the mechanics of movement of
the brain within the skull, i.e. the mechanics of the flow of
CSF within the skull, and to further investigate the material
properties of the SAS, these three types ofmaterial for SASwere
used in the 3D head model, and the result were compared with
the experimental study of Feng et al. [16]. Based on the anatomy
of the human brain, in our 3D head model, the thickness of the
SASwas assumed to be 3mmall around the brain. For simplicity
of analyses, the SAS was assumed to be a continuous, isotropic
and homogenous media covering the brain. To understand theeffect of the SAS material modeling on the load transduction
to the brain, three types of material modeling for SAS were
considered.
For the first material model, the SAS was assumed to be
a soft solid region, having a Young modulus of 1000 Pa [18].
The material property of the SAS was defined as viscous fluid
for the second material modeling, having a viscosity of µ =
0.25 Pa s [2]. This is the most common type of modeling for the
SAS, since the majority of investigators assume that the SAS is a
cavity filled with CSF fluid. The histology of the SAS reveals that
the subarachnoid space is neither a soft solid region nor a fluid
media. It was observed that the SAS contains very dense layers
of soft trabeculae tissue within the CSF fluid. These solid/fluid
interactions provide damping against external impact. A more
realistic material model of the SAS, where the interaction of
the CSF fluid and soft trabeculae tissue is accounted for, is the
porous elastic model. To model the SAS as a porous elastic
material, we need to estimate the void ratio, density and Darcy
permeability. The result of our histology experimental study
was used to estimate the void ratio and the density. Thus, for
the third material modeling, the SAS was considered to be a
porous elastic material, having the permeability of 3.125 ×
10−10 m2 [19].
To investigate the validity of these material properties,
a 3D head model was employed. As an input for all three
material models, the displacement boundary conditions of the
experimental study of Feng et al. [16] were applied. For all
three material models, relative displacements between the
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brain and the skull were determined and compared with the
experimental study at specific locations.
2.3. 3D head model
To investigate the effect of the different material properties
on transferring the load to the brain and to explore the
appropriate material model in a more global sense, a three-
dimensional (3D) model of the head–neck was created.
The 3D head–neck model was created using the Magnetic
Resonance Imaging (MRI) of a female adult patient in her
50’s and ABAQUS/CAE sketch modules. Details of the geometry
and dimensions were determined using eRAD/Image Medical
Practice builder 1-2-3 software. To create a 3D model of the
head, initially, transverse, sagittal and lateral planes of the head
were defined (Figure 4). Several cross sections from each plane
were imported into the ABAQUS/CAE sketch modules. Solid
loft command was used to create the left portion of the white
matter of the brain. The brain is assumed to be homogeneous
and isotropic (Figure 5).
Due to the complexity of the white matter, the model
was simplified based on the real subject data and, finally a
simplified model of the white matter was used as a foundation
model for the whole brain. These layers of the head, including
SAS, were created using the offset comment. All the different
layers were assembled together to create the complete head
model. The 3D headmodel consisted of scalp, skull, dura mater,
SAS and the brain (white and gray matter). The 3D model
was meshed using ABAQUS 6.10-EF1 quadratic tetrahedral
elements, type C3D10M. A total number of 48728 nodes and
33319 elements were created. Figure 6 shows the 3D head
model with all different layers and the 3D meshed model with
its elements [28–32].Figure 6: Different view of the 3D head model.
Table 1: Tissue material properties of the brain as a linear viscoelastic
model.
Brain tissue
Shear modulus at t = 0 (G0) (Pa) 10.0× 103
Shear modulus at t = 8 (G8) (Pa) 2.0× 103
Bulk modulus at t = 0 (K0) (Pa) 5.0× 107
Bulk modulus at t = 8 (K8) (Pa) 5.0× 107
Relaxation time (λ) (s−1) 16
Density (ρ) (kg/m3) 1.04× 103
Table 2: Material properties of the 3D head model.
Skin
Young’s modulus (E) (Pa) 5.67× 103
Poisson’s ratio (υ) 0.48
Density (ρ) (kg/m3) 1.06× 103
Skull
Young’s modulus (E) (Pa) 12.2× 109
Poisson’s ratio (υ) 0.22
Density (ρ) (kg/m3) 2.12× 103
Dura mater
Young’s modulus (E) (Pa) 31.5× 106
Poisson’s ratio (υ) 0.45
Density (ρ) (kg/m3) 1.13× 103
SAS
Young’s modulus (E) (Pa) 1.15× 103
Poisson’s ratio (υ) 0.48
Density (ρ) (kg/m3) 1.13× 103
Muscles
Young’s modulus (E) (Pa) 1.0× 107
Poisson’s ratio (υ) 0.38
Density (ρ) (kg/m3) 1.01× 103
Neck
Young’s modulus (E) (Pa) 6.04× 109
Poisson’s ratio (υ) 0.38
Density (ρ) (kg/m3) 1.18× 103
The material property of the brain was assumed to be
isotropic and linear viscoelastic. All other components were
assumed to be linear, isotropic and elastic. Table 1 tabulates
the brain tissue material properties, and Table 2 shows the
material properties of the different components used in the 3D
head model. The material properties are taken from [5,6,13].
The average Young’s modulus of the skull bone, the cortical and
the trabecular bone layers is used as shown in Table 2.
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To validate our 3D model, the experimental study of
Feng et al. [16] was employed. In their study, the relative
displacement between the brain and the skull of three adult
male human subjects were measured using tagged MRI. The
data were obtained from mild frontal head impacts, where the
head of the subject was dropped approximately 2 cm and was
stopped by a rubber strap contacting the forehead. The same
boundary condition as in the experimental study was applied,
and the relative displacement between the brain and the skull
was compared with the experimental study.
3. Result
3.1. Material modeling of SAS—soft solid
The three order of magnitude range of material properties of
SAS (from E = 59.81 × 103 Pa [7] to E = 21.5 × 106 Pa [5])
raises the question about the reliability of these values. In
our previous 2D modeling of the head [18], the wide range
of material property of SAS, up to three orders of magnitude,
was investigated. The optimum mechanical property of the
SAS trabeculae was determined based on the validation of the
models with the experimental results of Sabet et al. [33]. The
result indicated that the optimum elastic modulus of the SAS
regions is in the range of 1000–1500 Pa. It was also determined
that the SAS material property used by previous investigators
was very stiff and could lead to unreliable results.
Based on these results, in the 3D head model, the proposed
Young modulus of 1000 Pa for the SAS was used as a soft
solid. To reduce computational time, only half the model was
analyzed using the symmetry boundary conditions. The same
displacement boundary condition, used in the experimental
study of Feng et al. [16], was applied. Abaqus explicit dynamic
analysis was performed using a 3.4 GHz, 6 core processor. It
took approximately 2.5 h to run an analysis, and the relative
displacement between the skull and the brain was determined.
These results indicate that the proposed Young modulus of
E = 1000 Pa for the SAS is a reliable and appropriate value.
The proposed value of E also suggests that the SAS material
is soft and absorbs brain movement, which is expected from
the functionality of SAS, i.e. SAS acts as a damper and shock
absorber of the brain. Figure 7 shows two material locations in
the 3Dheadmodel. Figure 8 depicts a comparison of the relative
displacements between the skull and the brain in location ‘‘a’’ ofFigure 8: Relative displacement between the skull and the brain at the location
‘‘a’’.
Figure 9: Relative displacement between the skull and the brain at the location
‘‘b’’.
the experimental study and the FEM analysis. Figure 9 show a
comparison of the relative displacements between the skull and
the brain of the experiment and the FEManalysis in location ‘‘b’’.
3.2. Material modeling of SAS—fluid media
The second material model of the SAS was created using
a Pore Fluid/Stress element type of ABAQUSs. To simulate the
same functionality for SAS, i.e. a combination of trabeculae and
CSF, which acts as shock absorber, the SAS was modeled as
viscous fluid. The viscosity of CSF was then taken from [2];
µ = 0.25 Pa s. The same boundary conditions as in the 3D
soft solid material model were used. Fluid/solid interaction
boundary conditions caused the computation to be more time
consuming. Explicit dynamic analysis of Abaquswasperformed.
It took approximately 4.5 h to run the analysis in 120 intervals
with a 3.4 GHz, 6 core processor. The result of this analysis is
shown in Figure 10.
3.3. Material modeling of SAS—porous media
Our experimental studies reveal that the subarachnoid space
is neither a soft solid region nor a fluid media, however, it
contains very dense layers of soft trabeculae tissue within
the CSF fluid. These solid/fluid interactions provide damping
against external impacts. One of the preferred models that
can be used for the SAS is the porous elastic model where
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Figure 11: Comparison between the experimental study of the Feng et al. [16]
and SAS material as a porous media.
the interactions of the CSF fluid and soft trabeculae tissue are
incorporated in the material model. To model the SAS as a
porous elastic material, we needed to estimate the void ratio,
density and Darcy permeability. The result of our histology
experimental study was used to estimate the void ratio and
the density. Thus, for the third material modeling, the SAS was
considered to be a porous elasticmaterial having a permeability
of 3.125× 10−10 m2 [24].
Having the permeability and void ratio, the 3D model was
used for porous analysis. ABAQUS/CAE were used as pre and
post processors and transient analysis was performed. It took
approximately one hour to solve the problem with a 3.4 GHz,
6 core processor. Relative displacement between the brain and
the skull was compared with the experimental study of Feng
et al. [16], as shown in Figure 11. This figure shows good
agreement with the experimental results.
4. Discussion
The human head as a vulnerable body region is most fre-
quently involved in Traumatic Brain Injuries (TBI) and life
threatening injuries. Because of safety issues, animal and hu-
man experiments are always limited to mild angular accelera-
tion or impacts. Therefore, the validated 3D FEmodel, presented
in this paper, is a convenient tool to study the effect of different
types of impact, including contact or non-contact loads, to the
brain.
The goal of this study was to investigate the mechanotrans-
duction of head impacts (in contact or non-contact forms) to
the brain, using histology (experimental) and modeling meth-
ods of the subarachnoid space, as it relates to strain in the brainFigure 12: Comparison between the experimental study of the Feng et al. [16]
and soft solid, fluid and porous material models for SAS.
leading to traumatic brain injury. That is, to quantify the rela-
tionship between the ranges of magnitude of external impacts,
including linear and angular acceleration of the head, and the
strain in the brain which could cause concussion or TBI. As the
first important step towards this goal, in this paper, the effect
of the different materials modeling of SAS on transferring the
load/impact to the brain, as it relates to TBI, were investigated.
Based on the morphology of the SAS, three material types for
the modeling of SAS were proposed. The results indicate that
the optimum material property for the soft solid material was
E = 1000 Pa, for the viscous fluid model, the optimum viscos-
ity was µ = 0.25 Pa s, and, for the porous media, permeabil-
ity was 3.125× 10−10 m2. Using these material properties, the
relative displacements between the skull and the brain for all
three models were compared with the experimental study of
Feng et al. [16], as shown in Figure 12.
The reasonwhy all results in the figures depict relative displace-
ments between the skull and brain is that TBI is associated with
the strain of axons in the brain. It is important to note that the
curves for the three material models have similar shapes and
are relatively close to one another. In fact, as shown in Figure 13,
the strain contours for the soft solidmaterial model and the vis-
cous fluid model are very similar and almost identical. This in-
dicates that if any of the three material models are used, the
responses of the brain to external loads are similar.
The experimental curves of Feng et al. [16], as shown in
Figures 7–10, indicate two major picks during the 168 ms
period of the study. The first major pick, which occurs at
about 40–60 ms, is due to the moment when the head has
its maximum angular acceleration. This moment is when the
forehead of the subject comes in contact with the rubber strip.
Then, the rubber strip stretches and the head acceleration
decreases. Once the elastic rubber band is fully stretched, it
creates a rebound force, pushing the head upward. At this
time, the head of the subject separates from the rubber band,
followed by dropping down on its own gravity. This is the
moment when the second pick occurs. Note that in our FE
analyses, we did not consider the rebound force of the rubber
strip as it refers to the second pick. It is important to indicate
that the time lag after the first pick, between the experiment
and our FE results, is due to the secondary force of the rubber,
which is not considered in our FE model. Since we do not have
the effect of the second input boundary condition that comes
from the rebound of the head due to the elastic rubber band,
it would be safe to compare the magnitude of the first pick of
the experimental result with the FE results. In the experimental
study of Feng et al. [16], after the first pick, the head experiences
the secondary impact, which comes from the rubber. This
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shorter time during the study. However, in our FE analyses,
the brain rebounds more naturally because of its contact with
the skull. Therefore, it will take more time to rebound to its
original position, as shown in Figure 12. The values of the
maximum relative displacement of the head and brain, for all
three SAS material models, as shown in Figure 12, are in good
agreement with the experimental results of Feng et al. [16].
Figure 13 shows the similarity between the strain contour
patterns for soft solid and viscous fluid models, when both
models were subjected to the same displacement boundary
condition. Therefore, it is concluded that if one decides to use
any of the threematerials to model the SAS, in local or global FE
analyses, the properties found in this study are appropriate for
future investigation.
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